WASP-52b is a low density hot Jupiter orbiting a moderately active K2V star. Previous low-resolution studies have revealed a cloudy atmosphere and found atomic Na above the cloud deck. Here we report the detection of excess absorption at the Na doublet, the Hα line, and the K D 1 line. We derived a high-resolution transmission spectrum based on three transits of WASP-52b, observed with the ultra stable, high-resolution spectrograph ESPRESSO at the VLT. We measure a line contrast of 1.09 ± 0.16% for Na D 1 , 1.31 ± 0.13% for Na D 2 , 0.86 ± 0.13% for Hα, and 0.46 ± 0.13% for K D 1 , with a line FWHM range of 11-22 km s −1 . We also find that the velocity shift of these detected lines during the transit is consistent with the planet orbital motion, thus confirming their planetary origin. We do not observe any significant net blueshift or redshift that can be attributed to planetary winds. We use activity indicator lines as control but find no excess absorption. However, we do notice signatures arising from the Center-to-Limb variation (CLV) and the Rossiter-McLaughlin (RM) effect at these control lines. This highlights the importance of the CLV+RM correction in correctly deriving the transmission spectrum, which, if not corrected, could resemble or cancel out planetary absorption in certain cases. WASP-52b is the second non-ultra-hot Jupiter to show excess Hα absorption, after HD 189733b. Future observations targeting non-ultra-hot Jupiters that show Hα could help reveal the relation between stellar activity and the heating processes in the planetary upper atmosphere.
Introduction
Atomic and ionic species are important diagnostics to characterize exoplanet atmospheres. They carry important information on the heating and cooling processes, chemistry, and dynamics in the upper atmospheres (e.g., Yelle 2004; Murray-Clay et al. 2009; Christie et al. 2013; Lavvas et al. 2014; Koskinen et al. 2014; Heng et al. 2015; Huang et al. 2017; Oklopčić & Hirata 2018) . The first detection of an exoplanet atmosphere comes from a space observation of the atomic Na i line (Charbonneau et al. 2002) . Since then, various atoms and ions have been discovered and Na i is currently the most frequently detected atom in giant planets (Madhusudhan 2019) .
Alkali metal lines, such as Na i and K i, can contribute to cooling processes in the upper atmosphere. The development of ground-based high-resolution facilities with resolving power of R ∼ 10 5 has enabled transmission spectroscopy to probe upper atmospheres at pressure levels of 10 −4 -10 −11 bar (Pino et al. 2018) . Absorption line profiles of the alkali doublets can be spectrally resolved to infer the temperatures, number densities, and wind patterns at the probed atmospheric layers (e.g., Heng et al. 2015; Wyttenbach et al. 2015; Seidel et al. 2020) , which makes high-resolution spectroscopy highly competitive even in the era Based on observations collected at the European Southern Observatory under ESO programmes 0102.C-0493 and 0102.D-0789.
of James Webb space telescope (R ∼ 10 3 ). The first groundbased detections of Na i were achieved by high-resolution transmission spectroscopy in the hot Jupiters HD 189733b (Redfield et al. 2008 ) and HD 209458b (Snellen et al. 2008) . Only until recently has K i been detected by high-resolution spectroscopy (HD 189733b; Keles et al. 2019 ). However, Casasayas- Barris et al. (2020) found no detectable Na i absorption in HD 209458b based on five transits acquired with the HARPS-N and CARMENES spectrographs, revealing that the Center-to-Limb variation (CLV) and the Rossiter-McLaughlin (RM; Rossiter 1924; McLaughlin 1924) effect could strongly affect the search of planetary absorption.
On the other hand, Hα is a sensitive probe of heating because its formation in the planetary atmospheres requires strict local conditions (e.g., local particle densities, temperature, and radiation field; Huang et al. 2017) . Hα was first detected in the classical hot Jupiter HD 189733b (Jensen et al. 2012; Cauley et al. 2016 Cauley et al. , 2017a , which shows variable absorption depths that may be due to the variability in the stellar Lyman continuum (Cauley et al. 2017a,b; Huang et al. 2017) . Recently, the newly emerged class of exoplanets -ultra-hot Jupiters (UHJs), which are gas giants with dayside temperatures typically greater than 2200 K (Parmentier et al. 2018 ) -offer a new avenue for the study of Hα absorption. Four UHJs, i.e., KELT-20b (Casasayas-Barris et al. 2018 , 
Observations and data reduction
We observed three transits of the hot Jupiter WASP-52b under the ESO programs 0102.C-0493 (PI: G. Chen) and 0102.D-0789 (PI: H. M. Cegla), using the ultra-stable fibre-fed échelle highresolution spectrograph ESPRESSO (Pepe et al. 2010) , installed at the incoherent combined Coudé facility of the VLT. We employed the High Resolution 1-UT mode and configured the CCD in 2×1 binning and slow readout mode. This gives a spectral resolving power of R∼140 000 and covers a wavelength range of 380-788 nm. During the observations, fiber A was pointed to the target star, while fiber B was pointed to sky for a simultaneous monitoring of the sky emission. All the three transits were observed in photometric conditions. A summary observing log is given in Table 1 .
We reduced the raw spectral images using the ESPRESSO data reduction pipeline (version 1.3.2) 1 . The data were corrected for bias, dark, flat, and bad pixels. The extracted spectra were deblazed, slice-merged, and order-merged. The sky spectra measured in fiber B were scaled to account for the fiber-to-fiber relative efficiency and subtracted from the science spectra measured in fiber A. We further rebinned the ESPRESSO pipeline 1D spectra into wavelength intervals of 0.01 Å using the IDL routine rebinw from the PINTofALE package (Drake & Kashyap 2010) for flux conservation.
We coadded the out-of-transit stellar spectra of WASP-52, and used the zaspe code (Brahm et al. 2017) to improve the estimation of its stellar atmospheric parameters. We obtained an effective temperature of T eff = 5014±41 K, a stellar surface gravity of log g = 4.48±0.08, a metallicity of [Fe/H] = 0.06±0.03, and a projected rotation velocity of v sin i = 3.13 ± 0.42 km s −1 . The revised parameters are consistent with those of Hébrard et al. (2013) , but with smaller uncertainties. 
Methods
We carried out the following steps to search for absorption signatures originating in the planetary atmosphere.
Determination of in-or out-of-transit
We calculated the mid-transit times of the three nights based on literature ephemeris listed in Table 2 , which were further refined by fitting for the Rossiter-McLaughlin (RM) effect. The fitting was performed with the EXOFAST (Eastman et al. 2013) parameterization of the Ohta et al. (2005) formulae, and the details can be found in Appendix A. The out-of-transit frames are strictly defined as the exposures that have zero overlap with the transit event. The fully in-transit frames are defined as the exposures that have a fraction more than ∼50% located between the second and third contacts of the transit event. The remaining frames are assigned as either ingress or egress.
Removal of telluric absorption
While the use of fiber B on sky has helped remove the telluric emission lines (e.g., telluric Na), further correction of telluric absorption in the stellar spectra is necessary. We used the ESO software molecfit version 1.5.7 Kausch et al. 2015) to perform telluric correction, based on a synthetic modeling of the Earth's atmospheric transmission with a line-by-line radiative transfer model. This approach has been adopted in several recent studies of high-resolution transmission spectroscopy (Allart et al. 2017 (Allart et al. , 2018 (Allart et al. , 2019 Nortmann et al. 2018; Salz et al. 2018; Seidel et al. 2019; Casasayas-Barris et al. 2019; Hoeijmakers et al. 2019; Alonso-Floriano et al. 2019; Cauley et al. 2019; Cabot et al. 2020; Kirk et al. 2020) . Notes. (a) The first and third values refer to the airmass at the beginning and at the end of the observation. The second value gives the minimum airmass. (b) The two figures correspond to the minimum and maximum S/N, respectively. (c) The S/N of the continuum was measured at around 590 nm. (d) PID i and ii refer to ESO programs 0102.D-0789 (PI: H. Cegla) and 0102.C-0493 (PI: G. Chen), respectively. We shifted the pipeline spectra back to the terrestrial rest frame before the use of molecfit, because they have been corrected for the Barycentirc Earth Radial Velocity (BERV). We carefully selected fifteen telluric wavelength regions, spreading from 6283 Å to 7238 Å, to fit for the telluric absorption. These regions contain only unsaturated and separated strong lines of telluric H 2 O or O 2 , free of stellar lines. The best-fit solution was applied to the whole wavelength range of ESPRESSO. Fig. 1 shows the selected fifteen telluric wavelength regions and illustrates the telluric correction performed by molecfit.
Removal of stellar lines
After telluric correction, we shifted all the spectra to the stellar rest frame to remove the stellar lines, which considered both BERV and stellar RV. The RV model adopts the best-fit model obtained in Appendix A but without the RM component. It also corrected the systemic velocity in each individual night.
The removal of stellar lines relied on the out-of-transit master frame (hereafter master-out), and it was performed in each night individually. We first normalized each out-of-transit spectrum by its median flux and then median-combined them to create a preliminary master-out, which served as a reference to correct possible continuum variation. We corrected the difference between any individual spectrum and the preliminary master-out by fitting the individual-to-master-out ratio spectrum with a fourth-order polynomial function. The best-fit polynomial model was removed from each individual spectrum. Finally, we combined the corrected out-of-transit spectra to create the final master-out, with the inverse square of flux uncertainties as the weight. We divided each corrected individual spectrum by this master-out to remove stellar lines. We further normalized each residual spectrum by the continuum outside of the planetary absorption lines of interest.
Correction of stellar center-to-limb variation and Rossiter-McLaughlin effect
The transit of a planet not only potentially imprints planetary absorption signals on the stellar lines, but also reveals stellar line deformation of different origins that could complicate the search of planetary absorption signals. Two important contaminations that will introduce deformation to the stellar lines during the transit are the center-to-limb variation (CLV) and the RM effect (e.g. Yan et al. 2015 Yan et al. , 2017 Czesla et al. 2015; Louden & Wheatley 2015; Cegla et al. 2016b ). We followed the approach detailed in Casasayas- Barris et al. (2019) to generate the CLV+RM model. This approach uses the Spectroscopy Made Easy tool (SME; Valenti & Piskunov 1996; Piskunov & Valenti 2017) to compute the stellar spectra at 21 different angles (µ = cos θ). The calculation uses the VALD3 (Ryabchikova et al. 2015) line lists and Kurucz ATLAS9 models. Local thermodynamic equilibrium (LTE) is adopted. The stellar disk is divided into cells of 0.01R × 0.01R and each cell has its own spectrum interpolated from the pre-calculated grids based on its projected rotation velocity and µ value. At a given orbital phase, the spectra of unobscured cells are integrated to derive the final model spectrum. Consequently, the time-series model spectra contain both CLV and RM effects. Due to limited S/N, we assumed the white-color planet radius R p as the radius of the obscuring disk, without considering an additional annulus that could be introduced by the planetary atmosphere at given lines. This CLV+RM model data cube is normalized by the out-of-transit model spectrum that has no CLV+RM effects, and then corrected in the residual spectrum matrix obtained in Sect. 3.3.
Creation of transmission spectrum
After the CLV+RM correction, we shifted all the in-transit residual spectra to the planet-rest frame using v p = K p sin 2πφ, where φ is the orbital phase and K p = K M /M p = 167 ± 11 km s −1 is the expected planet RV semi-amplitude based on the law of conservation of momentum. We then weight-combined all the fully in-transit spectra and normalized the continuum outside the regions of interest to create the final transmission spectrumR.
Results

Spectrally resolved Na doublet, Hα, and K D 1
We have searched ESPRESSO's full wavelength coverage for spectral lines that may originate in the planetary atmosphere, and only found excess absorption at Na doublet, Hα, and K D 1 . We were not able to derive reliable transmission spectrum at K D 2 because it is blended with two strong telluric oxygen lines. We fitted a Gaussian function to each spectral line. The fit was performed on the unbinned transmission spectrum. The associated uncertainties were derived using the posterior distribution from the "prayer-bead" approach (e.g., Southworth 2008), in which, the best-fit residuals were sequentially shifted, added back to the best-fit model, and then fitted by the Gaussian function again. We present the parameters of the line profiles, including contrast, center, and FWHM (full width at half maximum), in Table 3 . We show the CLV+RM-corrected transmission spectrum of WASP-52b zoomed at Na, Hα, and K D 1 in Fig. 2 .
The measured line centers of these detected lines are consistent with their rest-frame wavelengths (Na D 1 : 5895.924 Å, Na D 2 : 5889.951 Å, Hα: 6562.81 Å, K D 1 : 7698.965 Å). The weighted average of velocity shift is −0.2 ± 0.6 km s −1 , indicating that no net blueshift/redshift is observed. The measured FWHM in units of velocity are 11.5 ± 1.6 km s −1 (Na D 1 ), 21.6 ± 1.8 km s −1 (Na D 2 ), 15.4 ± 1.8 km s −1 (Hα), 13.7 ± 3.3 km s −1 (K D 1 ), respectively. The line contrast ratio ∼1.2 and FWHM of Na doublet are very similar to those of WASP-49b (h D 2 /h D 1 ∼ 1.09, 11.1 ± 4.3 km s −1 for D 1 , 21.3 ± 4.9 km s −1 for D 2 ; Wyttenbach et al. 2017) , which is a hot Jupiter of similar bulk properties and equilibrium temperature to WASP-52b, with a cloudy atmosphere as well (Lendl et al. 2016; Cubillos et al. 2017) .
We also calculated the effective planet radius at the line center assuming R 2 eff /R 2 p = (δ+h)/δ, where δ = (R p /R ) 2 is obtained from Table 2 and h is the line contrast. The derived effective radius is 1.193 ± 0.026 R p for Na D 1 , 1.228 ± 0.021 R p for Na D 2 , 1.155 ± 0.022 R p for Hα, and 1.085 ± 0.023 R p for K D 1 .
Binned absorption depth
A more general way to evaluate the strength of the excess absorption at the target line is the so-called binned absorption depth, which is widely adopted in both low-to-mid resolution observations (e.g., Charbonneau et al. 2002; Sing et al. 2008) and high resolution observations (e.g., Snellen et al. 2008; Redfield et al. 2008; Wyttenbach et al. 2015) . In our case, we derived the binned absorption depth by averaging the final transmission spectrum over a passband centered at the target line, which has already been corrected for the CLV+RM effects. We note that the Gaussian fit presented in Sect. 4.1 only works if the passband bin width is sufficiently narrow to well resolve the line. Therefore, the binned absorption depth delivers the strength of the excess absorption within a passband bin at the line center without the need for resolving the line, which allows a straightforward comparison between different planets observed at different resolutions.
We varied the width of the passband in steps of 0.05 Å and found that the absorption depth achieves the best S/N within the 0.4 Å band for Na doublet, 0.35 Å band for Hα, and 0.55 Å band for K D 1 . We measured 0.90 ± 0.15 % (2×0.4 Å Na band), 0.72±0.20 % (0.35 Å Hα band), and 0.30±0.10 % (0.55 Å K D 1 band), respectively. The best S/N bin width is in broad agreement with the FWHM derived in Sect. 4.1. Fig. 3 presents the growth curve of the binned absorption depth at the Na, Hα, and K D 1 lines, together with a selection of stellar activity indicator lines. The latter serves as a control, and will be discussed in Sect. 5.2. The planetary lines and the control lines exhibit different shape of growth curves. While the planetary lines have a well shaped absorption profile, the control lines are approximately consistent with zero, showing that we have only detected excess absorption at the Na, Hα, and K D 1 lines. The control lines are sensitive to stellar activity. The absorption depths are measured in two 0.4 Å passbands for Na doublet, a 0.35 Å passband for Hα, a 0.55 Å passband for K D 1 , and a 0.4 Å passband for the three control lines, respectively. The red, green, and blue distributions correspond to the "in-out", "in-in", and "out-out" scenarios detailed in Sect. 4.3, respectively. Chen et al. (2017) obtained an absorption depth of ∆F/F = 0.378 ± 0.068% in a 16 Å band at Na with GTC low-resolution transmission spectrum, where the Na doublet is unresolved. For comparison, we integrated the ESPRESSO transmission spectrum over a 16-Å passband centered at the Na doublet (A ≈ 0.62%), and convolved it with a Gaussian kernel. The kernel has a FWHM of 10 Å (i.e. seeing-limited resolution in the GTC observations). This would result in an absorption depth of ∼0.385% in a 16 Å band, which is consistent with the GTC measurement.
Empirical Monte Carlo simulation for absorption depth measurements
We employed the empirical Monte Carlo (EMC) approach (e.g., Redfield et al. 2008) to assess the systematic effects and to ensure that the excess absorption is only detected when the planet is in transit. We performed the EMC simulation on data from the passbands that achieve best S/N, except for the control lines, where we simply chose the 0.4 Å band. The calculation was done on three simulated data sets. For the "in-out" scenario, we randomly selected a subset from the real in-transit data as the simulated "in", with the selecting fraction being no less than half, and a subset from the real out-of-transit data as the simulated "out", with its number being proportional to the real out-to-in ratio. For the "in-in" scenario, we randomly divided the real in-transit data into two subsets, and the two subsets were assumed as simulated "in" and "out", with their number ratio being the same as the real in-to-out ratio. The "out-out" scenario is similar to "in-in", but changed its source as the real out-of-transit data. The absorption depth is measured on the simulated data sets in the same way as described in Sect. 4.1. We take the median of "in-out" as the best-fit value and the scaled standard deviation of "out-out" as the uncertainty. The scaling factor is adopted as the square root of the ratio of the number of out-of-transit spectra to the number of all the spectra. Fig. 4 presents the resulting posterior distributions from the EMC simulation. The excess absorption signal is only detected in the "in-out" scenario of the Na, Hα, and K D 1 lines. The distributions of "in-in" and "out-out" are centered at zero. We obtained 0.88 ± 0.16 % (2×0.4 Å Na band), 0.70 ± 0.25 % (0.35 Å Hα band), and 0.30 ± 0.09 % (0.35 Å K D 1 band), which are consistent with what we obtained on the real data, as derived in Sect. 4.2.
Confirmation of planetary origin for Na, Hα, K D 1
Phase-resolved high-resolution transmission spectrum can trace the planet motion in radial velocity and thus confirm the origin of the observed excess absorption (e.g., Snellen et al. 2010; Casasayas-Barris et al. 2019) . In our case, the stellar line center, where the planet excess absorption is located (expected to shift between −23 km s −1 and +23 km s −1 , i.e., ∼−0.5 Å to ∼+0.5 Å), is too noisy to exhibit a significant planet trace. Nevertheless, Fig. 5 presents a Gaussian-convolved plot of the phase-solved transmission spectrum at the Na, Hα, and K D 1 lines, and three stellar activity indicator control lines. The velocity shifts of the Na, Hα, and K D 1 lines are fully consistent with that induced by the planet orbital motion during the transit. However, excess absorption still exists after the transit, which might be due to even lower S/N because those phase were observed at much higher airmass.
We further derived the planet RV semi-amplitude K p from the Na, Hα, and K D 1 lines to quantitatively confirm whether or not the signal is planet-correlated. Given the low S/N, it is difficult to directly fit for K p on the phase-resolved transmission spectrum. Here we employed the cross-correlation technique to combine in-transit signals to derive K p . The cross-correlation technique has been widely used to enhance the absorption signal by taking advantage of line forest if the absorption lines are weak (e.g., Snellen et al. 2010; Brogi et al. 2012) . We used the best-fit Gaussian function in Sect. 4.1 as the cross-correlation model template, and shifted it from −200 to +200 km s −1 in steps of 1 km s −1 . This velocity shift is denoted as ∆v p . The crosscorrelation function (CCF) was calculated for each exposure at each ∆v p . For a given K p in the grid of 0-500 km s −1 (in steps of 1 km s −1 ), the in-transit CCF were shifted to planet-rest frame and combined. We normalized the K p -∆v p map by the standard deviation of CCF within the velocity ranges of −200 to −100 km s −1 and +100 to +200 km s −1 . The resulting K p -∆v p S/N map for the three lines and their combination is shown in Fig. 6 .
The peak S/N occurred at (K p , ∆v p ) = (178 +76 −36 , −1 +3 −3 ) km s −1 for Na, at (173 +20 −23 , +1 +4 −5 ) km s −1 for Hα, and at (196 +47 −63 , −9 +7 −6 ) km s −1 for K D 1 . The associated uncertainties correspond to the 1σ contour around the peak (e.g. Brogi et al. 2018; Cabot et al. 2019 ). Since we did not observe any significant blueshift or redshift when fitting Gaussian function to the line profile (see Sect. 4.1), we decided to adopt K p at zero velocity and derived 178 +75 −35 km s −1 for Na, 172 +20 −24 km s −1 for Hα, and 255 +75 −155 km s −1 for K D 1 . Na and K D 1 have less constrained K p due to their S/N being lower than Hα at the line center. All three values are consistent with the expected value induced by the planet orbital motion: K p = 167 ± 11 km s −1 . Consequently, the detected excess absorption at the Na, Hα, and K D 1 lines are very likely originated in the atmosphere of the planet.
Discussion
Stellar activity indicator lines as the control sample
Both the Hα line (e.g., Pasquini & Pallavicini 1991; Cincunegui et al. 2007 ) and the Na i D doublet (e.g., Andretta et al. 1997; Díaz et al. 2007 ) have been widely used as the stellar chromospheric activity indicators for low-mass stars and very active stars. Cauley et al. (2018) performed simulations of stellar active regions to assess the impact on the high-resolution transmission spectrum, and found that strong facular emission and large coverage fractions can contribute non-negligible contaminations at the Hα and Na i D lines. Given that WASP-52 is a moderately active K2 dwarf, we used the ACTIN code (Gomes da Silva et al. 2011 Silva et al. , 2018 to measure the Ca ii H&K S-index, the Hα index, and the Na i index for every exposure. We obtained range of values 0.476-0.506 for the Ca ii H&K S-index, 0.240-0.245 for the Hα index, and 0.154-0.162 for the Na i index, respectively. We did not find any significant correlation between the Ca ii H&K S-index and the Hα index, nor between the Ca ii H&K S-index and the Na i index.
We then examined a few other stellar activity indicator lines as the control experiment. We collected the stellar activity indicator lines from Houdebine (2010) We performed the binned absorption depth analysis (see Fig. 3 ) and the EMC simulation analysis (see Fig. 4 ) on these control lines in the same way as with the planetary lines. We found that none of these control lines present excess absorption depth values significantly offset from zero. Only the Na i 6160.747Å line exhibits an absorption depth growth curve similar to the planetary originated lines, while some others (e.g., Mg i b 1 5183.604Å and Ca i 6161.29Å) present "negative" absorption depths, which might be due to the imperfect correction of the CLV+RM effects. We note that we only performed a nominal CLV+RM correction assuming LTE and a planetary radius of 1 R p due to limited S/N. A further visual inspection of the "transmission spectrum" at the Na i 6160.747Å line does not reveal a well shaped line profile, which is probably just noise. Fig. 7 presents the derived transmission spectrum zoomed at these control lines. For comparison, Fig. 8 shows the planetary line "transmission spectrum" after removing the best-fit planetary absorption. In both cases, the CLV+RM effects have not been corrected. The control line "transmission spectrum" does not show any significant planetary absorption, but it does show evidences of the CLV+RM effects as indicated by the nominal model. On the other hand, Fig. 8 confirms that the planetary absorption at the Na, Hα, and K D 1 lines are not significantly affected by the CLV+RM effects. Furthermore, as shown in Fig. 5 , these control lines do not exhibit the velocity shift trace that is consistent with the planet orbital motion during the transit. 
Impact of the CLV and RM effects on transmission spectrum
Casasayas- Barris et al. (2020) has shown that a non-correction of the CLV+RM effects would potentially introduce artifacts distorting the transmission spectrum or result in false positive detections of atomic species in planetary atmospheres. In Fig. 9 , we present the individual contributions of the CLV-only and RMonly models for WASP-52b. The CLV effect does not show any velocity shift feature in the phase-resolved transmission spectrum matrix in the stellar-rest frame. In contrast, the RM effect introduces an X-shaped feature in the velocity domain, one arm with positive values in a similar direction to the planetary orbital trace while the other arm with negative values perpendicular to the trace. The combined CLV+RM effects in the planet-rest frame resemble bump-like features (see Fig. 7 and Fig. 8 ).
Although it does not affect our detections of the Na, Hα, and K D 1 lines even without the CLV+RM correction (see Fig. 8 ), it would potentially cancel out the planetary absorption if the signal were weak. Therefore, we performed experiments to investigate how the CLV+RM effects would impact the transmission spectrum if the planetary system has a different impact parameter, a different projected stellar rotation velocity, or a different projected spin-orbit angle.
First, we started with the same parameters as the WASP-52 system (see Table 2 ), where the impact parameter is b = 0.61. We varied the impact parameter to b = 0 and b = 0.82 by changing the orbital inclination to i = 90 • and i = 83.4 • , so as to investigate the dependence of the CLV+RM effects on the impact parameter. Then, we went back to the WASP-52 system parameters and changed the projected stellar rotation velocity to v sin i = 23 km s −1 . Finally, we flipped the projected spin-orbit angle to λ = 178.9 • to investigate the retrograde orbit. We present the results of the experiments in Fig. 10 , using the Na D 2 line for illustration. When increasing the impact parameter, the transit duration shrinks, the RM effect becomes sharper, while the CLV effect first appears as a bump-like feature (see Fig. 10a ), and then decreases to an artifact absorption feature (see Fig. 10c ). The actual case of WASP-52b coincidently has a very minimized impact of the CLV effect (see Fig. 10b ). This changing trend is similar to what is observed in the extensive CLV-only experiments of Yan et al. (2017) (see their Fig. 9 ). On the other hand, when the projected stellar rotation velocity is approximately v sin i = 23 km s −1 , the positive arm of the X-shaped feature is aligned to the planetary orbital trace. Consequently, the RM effect is maximized (see Fig. 10d ). If the projected spinorbit angle is mirrored to a retrograde orbit, the negative arm of the X-shaped feature is approximately aligned to the planetary trace (see Fig. 10e ), and the resulting transmission spectrum would cause a false positive detection if no CLV+RM correction has been performed. The artifact shape looks less like an absorption feature when the projected rotation velocity decreases back to that of WASP-52's (see Fig. 10f ).
As a brief summary, the CLV+RM effects can introduce a false positive detection or cancel out a real signal. We also note that combining the spectra of in-transit (between the first and fourth contacts) or fully in-transit (between the second and third contacts) could also result in different levels of impact. Our experiments have been conducted in a uniform and fine sampled grid (0.003 Å in wavelength and 0.001 in phase). However, a real observation would sample the phase asymmetric to the transit center with overhead gaps. The exposure time could be too long to sample the phase well. The implementation of weighted average would add another complexity. A lower spectral resolution than the wavelength sampling in our experiments could also smear out sharp features, resulting in Gaussian like features. Therefore, the CLV+RM effects have to be examined on each observation before any claims of detection or non-detection of certain species (Casasayas-Barris et al. 2020) .
The atmosphere of WASP-52b
WASP-52b has been studied at low-resolution by transmission spectroscopy with different instruments, covering from optical to infrared wavelengths (Chen et al. 2017; Louden et al. 2017; May et al. 2018; Bruno et al. 2018; Alam et al. 2018) . While the 1.4 µm water absorption signature has been detected in the near infrared (Bruno et al. 2018) , the lack of pressure-broadened Na and K absorption line wings in the optical wavelengths implies the presence of a cloud deck at high altitude. The moderate stellar activity complicates the interpretation of the transmission spectra acquired at different epochs, which might account for the overall offset between the flat transmission spectra obtained by GTC/OSIRIS (Chen et al. 2017) and HST/STIS (Alam et al. 2018) . While Chen et al. (2017) reported a 3.6σ detection of Na and a 2.2σ detection of K above the cloud deck, Alam et al. (2018) can only confirm the Na detection at 2.3σ without any evidence of K. The lower significance of the HST Na detection and K non-detection might be related to the larger bin size used to derive the transit depth, where it is 35 Å v.s. 16 Å for Na and 75 Å v.s. 16 Å for K. Bruno et al. (2020) performed the atmospheric spectral retrievals on WASP-52b's full optical to infrared (0.3-5 µm, HST/STIS+HST/WFC3+Spitzer/IRAC) lowresolution transmission spectrum, allowing stellar activity to account for the offset between the HST/STIS and HST/WFC3 measurements, and found a 0.1-10× solar metallicity, a sub-solar C/O ratio, and a solar-like water abundance for the planetary atmosphere. However, the abundances of Na and K are still not well constrained.
Our new ESPRESSO transmission spectrum is able to not only confirm the presence of Na and K in the upper atmosphere of WASP-52b, but also reveal a new detection of neutral hydrogen in the form of Hα, demonstrating the great power of high-resolution transmission spectroscopy, more so in the case of cloudy atmospheres. Assuming an unresolved Na doublet, the ESPRESSO Na detection convolved to the resolution of the GTC/OSIRIS data shows a consistent excess absorption depth at the Na line (∼0.385% for ESPRESSO v.s. ∼0.378% for GTC/OSIRIS in a 16 Å band). This makes WASP-52b one of the very few planets for which the same atomic species has been confirmed by both low-and high-resolution observations, e.g., the Na doublet seen in HD 189733b (Huitson et al. 2012; Wyttenbach et al. 2015) , the He i 1083 nm triplet seen in WASP-107b (Spake et al. 2018; Allart et al. 2019 ) and HAT-P-11b (Mansfield et al. 2018; Allart et al. 2018) .
The resolved line profiles of the three species could be linked to WASP-52b's atmospheric properties. According to the measured line contrast, the line cores of Na D 1 and D 2 probe the atmospheric layer at ∼1.19-1.23 R p , the line core of K D 1 probes ∼1.09 R p , and the line core of Hα probes ∼1.16 R p . All of these line cores are well below the effective Roche lobe radius, derived to be 1.72 ± 0.05 R p based on the equation (2.5) of Ehrenreich (2010) . Consequently, we are not observing any atmospheric escaping signature at these tracer lines. The offset of the line center in the planet-rest frame is in general attributed to planetary wind in the upper atmosphere. The line center of Na D 2 shows a marginal net blueshift (−2.6 ± 1.2 km s −1 ). However, the overall weighted average offset of all the lines, −0.2 ± 0.6 km s −1 , is well consistent with zero, indicating that we are not observing any planetary wind.
Given that the difference in the transit radius at the line cores of Na D 1 and D 2 corresponds to ln(2) times of the atmospheric scale height (Huang et al. 2017) , we can estimate a temperature of ∼4630 K if it is dominated by atomic hydrogen (µ = 1.3). For Hα, we have measured a line FWHM of 15.4 km s −1 , i.e., σ = FWHM/2.355 = 6.5 km s −1 . Assuming that Hα originates in a similar layer to the Na doublet and that its line width is set by thermal broadening and the maximum optical depth at line center, based on the equations (3) and (4) In addition to WASP-52b, five other planets have simultaneous detections of Na and Hα, including HD 189733b Jensen et al. 2012; Cauley et al. 2015 Cauley et al. , 2016 Huang et al. 2017) , KELT-20b (Casasayas-Barris et al. 2019) , KELT-9b (Yan & Henning 2018; Cauley et al. 2019) , WASP-12b (Jensen et al. 2018) . and WASP-121b (Cabot et al. 2020 ). However, WASP-52b is currently the only planet whose Hα absorption is shallower than that of Na. Furthermore, WASP-52b is the second non-ultra-hot Jupiter to exhibit Hα absorption, only second to HD 189733b, which also orbits an active K dwarf and has a similar equilibrium temperature (∼1200 K). The de-tection of Hα indicates that the probed atmospheric layer must be very hot. Given their relatively low equilibrium temperature, high XUV flux is required to heat the upper atmosphere, which is likely correlated with stellar activity. Since we have combined three transits, it is possible that the Hα transit depth is variable during our three transits depending on the Lyα intensity (Huang et al. 2017 ). The combined results might have averaged down the Hα transit depth, making it shallower than the relatively constant Na transit depth. Unfortunately, our current observations, three transits combined, are already limited by S/N. Future follow-up observations, designed in groups of transits to increase S/N and each group at different stellar activity levels, could help reveal the cause of shallower Hα absorption. This non-ultra-hot Jupiter population could play a crucial role in understanding the starplanet interaction in the era of extremely large telescopes.
Conclusions
We observed three transits of the hot Jupiter WASP-52b using the ultra-stable high-resolution spectrograph ESPRESSO at the VLT. We collected a total of 58 spectra, 28 of which were acquired during out-of-transit. We corrected telluric contamination, stellar center-to-limb variation and Rossiter-McLaughlin effect in the observed stellar spectra, and derived a residual spectrum matrix that only contains astrophysical signal of planetary origin. With the combined transmission spectrum in the planetrest frame, we spectrally resolved the excess absorption at Na doublet, Hα, and K D 1 , but did not detect any excess at other lines. We fitted Gaussians to the line profiles of detected lines, but we did not find any significant offset of the line center, indicating that we have not observed any evidence for planetary wind. The measured line contrast is ∼1.09% for Na D 1 , ∼1.31% for Na D 2 , ∼0.86% for Hα, and ∼0.46% for K D 1 , respectively.
We performed the empirical Monte Carlo simulation and confirmed that the excess absorption at Na, Hα, and K D 1 can only be reproduced if we compare the in-transit to the out-oftransit data. We further confirm that the excess absorption comes from planet atmosphere using the cross-correlation technique, given that the signal's RV shift is fully consistent with the planet orbital motion. We used stellar activity indicator lines to conduct the control experiment, and did not repeat any of the detections as obtained at the Na, Hα, and K D 1 lines, confirming that the potential stellar activity does not affect our results.
Appendix A: Joint fit of the Rossiter-McLaughlin effect in the radial velocity time series
To determine whether any offset exists in the calculated midtransit times based on the literature ephemeris, we jointly fit the stellar RV time series of the three nights for the Rossiter-McLaughlin effect. We used the EXOFAST (Eastman et al. 2013) parameterization of the Ohta et al. (2005) formulae and adopted a circular orbit. The free parameters are: offset to expected mid-transit time ∆T C , systemic velocity γ, linear limbdarkening coefficient u 1 , stellar radial velocity semi-amplitude K , projected stellar surface velocity v sin i , and projected spinorbit angle λ. The other parameters are fixed to literature values listed in Table 2 , including orbital period P, orbital inclination i, scaled semi-major axis a/R , and planet-to-star radius ratio R p /R . The three nights were forced to share the same ∆T C , which assumed that the change of orbital period is negligible during the two weeks that cover our three transit observations. The fitting results do not reveal any significant offset (∆T C = 0.00031 ± 0.00032 days). As shown in Figure A .1, the Rossiter-McLaughlin effect is unambiguously detected at high significance. We obtained systemic velocities of −821.16 ± 0.66 m s −1 , −843.39±0.63 m s −1 , −835.69±0.56 m s −1 for the transits on the nights of 31 Oct, 7 and 14 Nov, respectively. We derived a stellar RV semi-amplitude of 82.8 ± 2.1 m s −1 solely based on the Rossiter-McLaughlin analysis, which agrees well with the value derived from full-phase RV analysis (K = 84.3 ± 3.0 m s −1 ; Hébrard et al. 2013) . We also measured a projected rotation velocity of 2.62 ± 0.074 km s −1 for the star, which is marginally below the value from our spectral analysis on the coaaded ESPRESSO spectrum: 3.13 ± 0.42 km s −1 . The discrepancy in the v sin i values derived from the Rossiter-McLaughlin effect or from the spectral line broadening has been noticed in some studies (e.g., Brown et al. 2017; Oshagh et al. 2018) , which might be caused by underestimated uncertainties from any of the two methods (Brown et al. 2017) , stellar differential rotation (Albrecht et al. 2012; Cegla et al. 2016a ), stellar convective blueshift and granulation (Shporer & Brown 2011; Cegla et al. 2016b) , gravitational microlensing (Oshagh et al. 2013) , or exorings (Ohta et al. 2009; de Mooij et al. 2017; Akinsanmi et al. 2018 ). Our measured projected spin-orbit angle is 1.1 • ± 1.1 • , which indicates that the projected planetary orbit normal is wellaligned with the stellar spin axis.
A detailed "reloaded" Rossiter-McLaughlin analysis will be presented in another paper (Cegla et al. in preparation) , which is out of the scope of this paper. The reloaded RM technique (Cegla et al. 2016a ) uses the planet as a probe to isolate the local CCFs from the regions successively occulted during the transit, with no particular assumptions about the shape of the intrinsic stellar photospheric lines. It scans the RV of the stellar surface along the transit chord and allows true 3D obliquity to be inferred. This technique has been implemented on several transiting planetary systems, including HD 189733 (Cegla et al. 2016a ), WASP-8 (Bourrier et al. 2017) , WASP-49 , GJ 436 ) and WASP-121 (Bourrier et al. 2020 ). 
